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PREFACE 


Although  hydrofoll-supportedii  vater-born*  craft  ha^  baan  in  ax- 
latance  for  many  years,  it  is  only  recently  that  an  IntanaiTs  effort  has  baan 
made  to  in^o've  the  understanding  and  design  practices  relating  to  such  craft. 

The  current  study  of  strut-interference  effects  is  a  small  part  of 
this  effort  as  sponsored  by  the  Bureau  of  Ships,  Department  of  the  Naiy,  Ibe 
studies  were  carried  outin  the  facilities  of  the  St.  Anthony  Falla  hydraulic 
Laboratory  during  the  period  October  I960  through  August  1961  under  Contraot 
honr-710(39). 

Credit  is  due  to  J.  M.  Wetzel  for  advice  throughout  the  program  and 
for  critical  review  of  the  report,  to  A.  N.  Breivik  for  conduct  of  the  test 
program,  to  Q.  Subba  Rao  for  data  analysis,  to  L.  J.  Kirsch,  N.  M.  Stuvetaro, 
and  F.  E.  Thomas  for  fabrications  and  operations,  and  to  Marveen  Ifinlsh  for 
preparation  of  the  manuscript  under  the  general  supervision  of  Loyal  Johnson. 
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ABSTRACT 


Tbc  eTaluation  of  perfomanot  characteriatiea  of  Iqrdrofoll  systraa 
employod  to  support  vster-bome  craft  eomnonly  makas  use  of  tNO-dlnenslonal 
foil  section  analysis*  Such  evaluations  are  currently  in  need  of  sore  data 
for  handling  the  contributions  of  the  surfaces  in  the  vicinity  of  the  strut- 
foil  junction  where  three-dinenslonal  flow-interference  effects  occur* 

In  this  study,  towing  tank  tests  were  used  to  evaluate  the  influence 
of  interference  on  the  lift  and  drag  of  selected  models  of  conmon  Junction 
conditions  under  a  variety  of  submergence,  attack,  and  yaw  conditions*  The 
evaluation  was  made  from  pressure  distribution  measurements. 
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I.  INTRQDUCnON 

l^rdrofoil  STftcMi  for  tho  support  of  water-bomo  eraf t  fraijuantljr 
ooxislst  of  aubBsrgad  flat  folia  supported  by  ^rtlosl  strute. 

In  tbs  daslgn  of  those  foil  aonflguratl«i8«  axtanslTs  use  has  been 
■adeof  the  analogous  theory  and  data  prarlouslj  daselopedfor  alr-boma  craft. 
The  adoption  of  this  related  Bsterlalhas  bean  'very  useful  btt  has  been  Halted 
to  oonflguratione  operating  with  oonsldarabla  sutansrganoa  below  tbs  free  water 
•urfaoa.  Ttds  llaltatlon  apj^lasbeoausa  the  proodaltyof  the  free  water  eur- 
feoe  produoee  flow  effects  which  depart  frwB  the  Infinite  flow  field  noraally’ 
alloyed  by  elrereft.  This  departure  exlets  not  only  beoeuse  of  the  general 
ohangaln  flow  pattern  whloh  occurs  abo're  the  foil  but  because  of  the  aeoondery 
two-phase  flow  effects  whloh  may  occur  due  to  os'vltatlon  on  the  foil  or  air 
won  tilatlon  down  the  rear  of  tho  struts.  The  letter  effeotebeoowelnereaalngly 
serious  as  subsargenoo  deoreesee.  TO  ellerlate  these  effeetSf  thinner  foil 
and  strut  saotlons  are  aaqployed  and  these  In  turn  Inoreaae  the  atruotural 
problan  and  call  for  the  use  of  an  Inoreased  nunber  of  struts. 

Since  ewsn  a  single  strut-foil  Junction  produoss  significant  ■utual 
Intarfaranoea  In  the  nomal  flow  field  around  either  wnUMr,  tho  tendenoiy  to 
an  Increased  nuaber  of  Junctions  In  the  assembly  will  lead  to  aubstantlal 
ouaulatlve  Interferenoe  effects.  Accurate  anelytlcel  treatsient  of  this  oosv- 
^ox  three-dimensional  condition  la  not  yet  endleble  end  design  Inforaetlon 
must  etui  be  derived  fron  experimental  evaluatlone.  A  ooneldorable  aaount 
of  such  esgdrloal  data  has  bean  aocumulated  for  alreraft  deslpi  [1]*«  but  In 
the  newer  field  of  fagrdrof oil-support  atruoturas  tho  Junction  teat  data  to  date 
has  been  qAlto  speolflo  and  not  subject  to  broad  eppHoetlon.  Hoemer  [2] 
•umsurlied  the  available  fragmentary  data  s«m  years  ago  bat  tbore  has  been 
a  continuous  need  for  norw  Intarfarenoa  tests  dlraetly  involving  the  free- 
■urfaoa  Influenoa. 

It  la  the  purpose  of  this  report  to  describe  further  tests  idiloh 
have  been  oonduoted  at  the  St.  Anthony  Falla  ^jrdraulle  Laboratory.  Thasa  ware 

^Numbere  In  braokete  refer  to  the  Idst  of  Roferenoos  on  p.  16,* 


2 


int«iid«d  to  aoslst  in  dLarlfjrlnf  tlM  otrut  intorforonoo  offoets  relating  to 
oertaln  hydrofoil  oompon»nt»f  asseiiblloe,  and  onvlronaental  oondltlona  vhloh 
weronnler  doelgn  ooneideration*  Beoauoe  of  theplTsloal  diffloultloe  Inroleed 
Inaaklng  oxtonstee  nall-foroenoaaureMnto  In  taTdrodynanloaTateaa^  the  range 
of  eorerage  of  theae  tests  ie  fairly  llMtedand  not  nearly  as  generalised  as 
mi^t  be  desired.  It  le  hoped,  hove^r,  that  the  data  will  eeripe  to  adTanoe 
existing  design  information. 

II.  SELECTION  OF  HYDROFOIL  TEST  CONnaURATICNS  AND  CONDITIONS 
A.  Foil  and  Strut  Sections 

Both  the  foil  and  strut  section  employed  in  these  tests  were  arbi¬ 
trarily  selected  from  the  NACA-1  series  idildi  is  described  in  Refs.  [3]  and 
[U].  This  series  is  designed  to  hams  the  minimum  pressure  point  unusually 
far  back  on  both  surfaces.  Ibis  reamerd  position  of  mini  mum  pressure  provides 
a  favorable  pressure  gradient,  a  laminar  boundary  layer,  and  an  inhibiting 
influenoe  on  flow  separation  over  an  extensive  area  of  the  surfaoea  back  from 
the  leading  edge.  In  addition,  for  desigm.  eonditlons,  the  magnitude  of  the 
lowest  pressure  value  is  greater  with  this  type  of  foil  than  for  oonventlonal 
air-foil  sections  idiioh  nonnally  produce  a  relatively  lov  minimum  pressure 
point  near  the  leading  edge.  This  higher  value  of  the  minimum  pressure  in¬ 
herently  affords  a  oonslderable  proteotion  against  the  inception  of  oavltaticm. 

Because  of  the  above-described  properties,  the  NAGA-1  series  has 
been  considered  with  interest  for  use  in  water-borne  hydrofoil  craft  and  was 
accordingly  selected  for  use  in  this  program,  lbs  foil  selection  was  NACA 
16-509,  whldi  is  a  section  wherein  the  design  minlmrim  pressure  point  is  back 
from  tbs  leading  edge  a  distance  which  is  60  per  cent  of  the  chord. 

Ibe  strut  selection  was  NACA  16-012  and  is  a  symnotrioal  section  in 
which  the  design  minimum  pressure  point  is  also  bade  60  per  cent  of  the  chord, 
but  in  wfaidi  the  maximum  thldmess  is  12  per  cent.  This  strut  is  somswfaat 
thicker  than  needed  for  many  iqpjAications  but  oonsideratlonhas  been  given  to 
designs  wfaioh  require  interior  space  for  housing  of  propulsive  power  shafting. 

Sectional  views  of  the  16-509  foil  and  the  16-012  strut  are  shown 
in  Fig.  2  and  coordinates  for  the  surfaces  of  a  6-ln.  chord  dimension  are 
listed  in  Table  1  of  the  Appendix. 
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B*  Foil  axKl  Strut  SIm 

In  th«  int«r«ft  of  providing  dooign  data  Involving  a  ■inlaua  of 
■eale  of feet  between  the  test  and  prototype  oonflgurationSf  a  test  asseabl/ 
of  maximum  praotioal  slse  was  elected*  For  the  available  test  faeUity  and 
fabrication  procedures,  this  leads  to  the  arbitrary  selection  of  a  6-in*  di¬ 
mension  for  both  the  foil  chord  and  the  strut  chord. 

C«  Orientation 

The  geometry  of  the  Junction  between  the  foil  and  the  strut  ooold 
have  been  arranged  in  a  wide  variety  of  relative  placements.  However,  in  the 
Interest  of  simplicity  in  an  initial  program  the  fdaoements  wore  restricted 
to  two  fairly  common  forms.  These  consisted  of  a  strut  mountedat  tha.extrwM 
end  of  the  foil  and  a  strut  mounted  at  the  center  of  the  foil. 

Due  to  structural  load  limits  of  the  type  of  fabrication  e^iloyed, 
the  foil  span  was  also  limited.  This  resulted  in  a  final  assembly  in  whioh 
the  foil  was  s\;^ported  and  tested  with  the  two  end  struts  and  one  center  strut 
in  place  atall  times*  The  center  distance  between  the  end  struts  was  36  in* 
and  between  each  end  strut  and  the  center  strut  the  distance  was  apprcsimBtely 
18  inches* 

In  all  tests,  the  axes  of  the  struts  were  at  90  degrees  with  the 
foil  chord  lino  and  with  the  axis  of  the  foil*  Tbs  leading  edges  of  ths  struts 
were  in  a  cosnon  plane  with  the  leading  edge  of  the  foil* 

D.  Filleting 

It  has  been  established  in  aircraft  studies  that  most  of  the  detri¬ 
mental  drag  effects  associated  with  strut-foil  Junctions  are  due  to  the  super¬ 
imposed  boundary  layer  influences  at  the  Junction  comer.  Ithas  bean  further 
established  that  some  of  the  detrlaentel  effects  nay  be  materially  reduood  by 
filleting  of  the  Junction  geometry.  The  aircraft  filleted  ihtsrferenoe  studies 
have  indicated  that  optimum  drag  benefits  are  adiieved  by  droular  are  fillets 
having  a  radius  of  about  6  per  cent  of  the  chord  with  the  filleting  oontlnulng 
beyond  the  trailing  edges  of  ths  Junction  in  a  fairsd  extension  of  appreciable 
length. 

In  an  attaint  to  gain  soma  insight  into  the  Influence  of  filleting 
on  hydrofoil  Junction  interference  in  a  limited  test  program,  tests  were 
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eonduotad  both  with  and  without  fillets •  The  fillets  were  In  this  ease  oon» 
fined  to  one  dreular  are  of  6  per  oent  radius  with  fillets  not  axtending 
beyond  the  trailing  edge.  The  fUleta  were  Mlntalnedwlth  a  radius  of  6  per 
oent  between  about  the  10  per  oent  and  the  90  per  oent  points  along  the  foil 
ohord.  In  the  last  10  per  oent  of  ehord  on  eaeh  end  the  fillet  radius  was 
gradually  reduced  fron  a  6  per  oent  radius  to  a  aero  radius  of  arOf  thus 
forming  a  gradually-faired  transition  In  the  Junction. 

For  the  end-otrut  tests,  the  fillets  were  plaoed  only  In  the  In¬ 
terior  Junction  corner.  For  the  oenter-mounted  strut,  fillets  were  plaoed 
on  both  sides  of  the  strut. 

E.  Submergence  Conditions 

Earlier  tests  of  flat  hydrofoils  have  established  that  submergenoe 
of  the  foil  to  a  depth  of  two  or  more  chord  dimensions  will  generally  servo 
to  eliminate  the  Influence  of  the  free  surface  on  the  hydrofoil  performance. 
Below  this  depth,  the  hydrofoil  will,  in  general,  performin  accord  with  air¬ 
craft  data  relating  to  the  infinite-fluid  field.  Above  this  depth,  the  foil 
Is  Increasingly  affected  by  the  presence  of  the  free  surfaoe.  For  very  shallow 
subsiergenoe  (a  depthof  1/2  chordor  less)  andhlgh  speeds,  themlnlmum  pressure 
areas  of  the  foil  readily  vent  to  the  atmosphere  aixl  cause  the  performanoe 
characteristics  to  change  drastically. 

Because  of  these  shallow  depth  difficulties,  hydrofoil  craft  are 
frequently  designed  for  an  operating  submergenoe  of  about  one  chord  dimension. 

In  order  to  gain  some  Insight  Into  the  Influence  of  submergenoe  on 
strut  Interferenoe,  the  current  test  program  eiqiloyed  two  different  subsiergenoe 
values.  Dm  selected  depthswere  100  and  200  per  oentof  the  ehord  dimension. 

t.  Attack  Angle  Bangs 

Interferenoe  effects  for  the  tests  were  measured  at  foil  attack 
angles  of  -li,  0^  ■•■2,  -i'll,  +6,  -•'10,  and.  In  a  few  Instances,  -^15  degrees,  llie 
attack  angles  were  measured  between  the  chord  line  as  shewn  in  Fig.  2  and  the 
horisontal  water  surface. 

0.  Taw  Angle  Range 

Interferenoe  effects  for  the  tests  were  measured  at  foil  angles  of 
yaw  of  sero  and  k  degrees  In  oonbliiatlon  with  most  of  the  an^es  of  attack 
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MntiOMd  Dw  jav  an^a  vaa  in  all  oases  applied  suoh  that  the  star¬ 
board  and  strut  vas  trailed  to  the  rear  of  the  port  strut  during  the  test* 
The  test  data  were  then  taken  for  oondltlons  relating  to  the  junotlon  of  the 
port  strut  with  the  foil.  A  oomparable  orientation  was  used  for  the  oenter- 
strut  tests  and  vas  oonsidered  to  be  the  severest  flov  condition  of  the  tvo 
alternates  available  for  the  unsTmoetrloal  conditions  of  yav. 

H.  Test  Velocities  and  Model-nrototype  Similitude 

In  order  that  model  tests  shall  be  meaningful  to  a  prototype  design^ 
it  is  necessary  that  tbs  dominant  forces  or  flow  patterns  of  the  prototype 
shall  be  reasonably  wall-simulated  in  the  model.  In  the  oase  of  a  hydrofoil 
configuration  operating  near  a  free  surface  in  a  test  channal,  there  are  two 
criteria  which  are  generally  considered  is^rtant  to  satisfy. 

One  criterion  requires  that  gravitational  or  Froude  number  influences 
shall  be  similar.  Sines  the  prototype  in  this  oase  normally  Involves  high¬ 
speed  motion  in  relatively  deep  watar^  the  ratio  of  the  body  velocity  to  the 
velod^  of  the  gravity  wave  will  normally  aKoeed  unity.  A  rough  appraodma- 
tion  to  this  wave  pattern  will  then  occur  if  the  model  also  produces  a  ratio 
or  Froude  number  idilch  exoeeda  unity.  In  the  oase  of  the  ounent  towing  teats 
wltha  tank  of  li.5-ft  water  depth,  this  will  require  that  test  body  velocities 
shall  exceed  the  wave  velocity  which  is  given  by  the  axpressian 

c  -  yfi  -  -/h.Sg  -  12  fps 

A  second  criterion  requires  that  viscous  or  HeynoldsnBhbwr  1  hflbemsse 
shall  be  similar.  In  the  ease  of  flow  over  a  foil,  this  is  primarily  a  mattar 
of  maintaining  the  position  of  the  laminar  turbulent  boundary  layer  transition 
such  that  any  flov  separations  occur  in  essentially  the  same  regions  on  model 
and  prototype. 

In  the  oase  of  these  seleoted  MAGI  series  1  sections,  idilch  are  of 
the  so-called  laminar-flow  type,  operation  near  the  design  attaek  msgls  of 
sero  degrees  should  produce  a  laminar  flov  up  to  about  the  60  per  cent  chord 
point.  Because  a  favorable  pressure  gradient  inherently  exists  ahead  of  the 
60  per  cent  chord  point,  it  mgy  be  expected  that  Imdnar  flew  will  prevail 
to  this  polntsven  for  fairly  high  Baynolds  numbers  and  modest  surfaea  rough¬ 
nesses.  However,  deviations  from  the  design  attack  angle  or  roughening  of 
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tht  turfaM  eould  mum  vida  Tarlatlonain  tha  loMtian  ef  tha  laalaar-torbo- 
lant  tranaitionand  ooiiaa<{aant  fatiatlona  in  pwronaanoa*  8om  IndiMtlon  of 
tha  raoga  of  thaaa  Tariationo  vaa  found  in  tha  fagrdirofoil  data  of  Tommin  [5] 
and  a  varlaty  of  ralatad  airfoil  taata  dtad  bj  Hoamar  (flf.  18«  pp.  2-13^ 
Bif*  [I]).  In  aoM  of  thasOf  tranaitlon  oeeurrad  m  aarly  aa  ■  8  z  10^ 
and  aa  lata  aa  ■  10^.  In  light  of  thla  data*  it  appaarad  doubtful  that 
artlflelal  atiaulatlonof  tha  boundary  layervould  ba  naaningfulto  tha  currant 
program  unlaaa  oonduotad  undar  a  vldar  variaty  of  oonditlona  than  tha  program 
pemittad.  In  oonMquanoa,  it  vaa  daddadto  abandon  any  attempt  at  artifielal 
atlmulatlonand  to  oonductall  taata  vlth  amooth  aurfaoaa  and  ralatad  obMrva- 
tiona  aa  to  the  poaltlon  of  the  laminar- turbulent  tranaitlon.  Thla  prooedura 
vaa  not  oonaldered  a  complete  anawer  to  the  problem  of  almulatlng  prototype 
flov  but  vaa  intended  to  aid  in  defining  the  conditiona  of  tha  modal  taata. 

In  light  of  the  foregoing,  it  vaa  decided  that  the  teata  ahould  ba 
conducted  at  the  higheat  practical  apeed  in  exoaaa  of  tha  eritloal  Rrouda 
apeed  of  12  fpa.  Hovevar,  tha  avantual  fabrication  taelBil<iua  aaqddf*<l 
the  hydrofoila  reaultedin  a  relatively  veak  atructural  aaaeahly  and  need  for 
lev  dynamic  loadlngi  aa  a  reault,  it  vaa  finally  dedded  to  xnui  all  teata  at 
a  apeed  of  Hi  fpa.  Thla  then  reaulted  in  a  chord  Reynolda  number  of  about  7 
X  10^  for  the  testa. 


III.  TEST  PROCEDURES  AMD  FACILITIES 


A.  type  of  Teat 

The  phyaioal  evaluation  of  dynamic  foil  loada  by  tovlng  prooeduraa 
might  normally  e^iloy  either  an  appropriate  dynamometer  ayatemor  a  preaaura- 
dlatrlbutionmaaauring  ayatem.  In  thla  inatanoe,  vherethe  local  foroea  aought 
are  only  a  vary  email  part  of  tha  total  foroea  vhlch  can  be  readily  maaeamai^ 
dynamometer  mathoda  proMnt  a  aerioua  problem.  On  the  other  hand,  forM 
aaaaureaenta  depending  on  aurfaoe  preaaure  evaluatlona  are  inoomplata  in  that 
they  do  not  indude  ahear  forM  contrlbutlona.  They  alao  nonully  ra<piira 
conaiderable  time  and  expenM  in  data-taklng  and  analyala.  The  praaaoma 
meaaureaenta  do,  hovavar,  provide  detailed  information  on  tha  maahanlM  of 
flov  vhlch  ara  not  apparent  from  bulk  forM  meaauremanta  on  a  dynamasMtar. 
Such  praaaura  inf omatlon  can  ba  aapadally  uMful  tdiara  it  may  ba  indiMtlva 
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of  valuot  oritloalto  tho  Inooptionof  sudi  tvo-phMoflov  oondltioiw  m  tvntl- 
lotion  or  eoTltotion.  Slnoe  those  orltloslosre  ooiMon  end  vital  to  the  neml 
performanoe  of  hydrofoils  withshallev  sttbaergenoe,  itvas  ooneldered  espeeial- 
Ij  desirable  to  inolude  themin  these  tests  because  the  most  eritioel  pressures 
on  the  entire  hydrofoil  may  be  szpeoted  to  occur  in  the  strut  Junotions. 
PressureHMssuring  facilities  also  have  an  advantage  in  that  they  are  readily 
modified  to  permit  boundary-layer-transition  observations. 

In  light  of  this,  it  was  decided  to  make  the  physieal  evaluation  of 
forces  by  pressure-measuring  procedures,  despite  the  fact  that  the  shear  foroa 
contributions  oould  not  be  measured  by  this  procedure. 

fi.  Foil  Oonstruotlon 

Each  foil  and  strut  was  coagwsed  of  one  large  oast  momber,  an  end 
ataok  oonalstlng  of  several  thin  sectional  elements,  and  a  Junction  pieos. 
The  Junction  piece  and  stacked  sections  were  bolted  to  the  end  of  tho  cast 
member.  In  each  assembly  one  of  the  thin  sectional  slices  contained  a  lino 
of  pressure-measuring  holes  in  accord  with  the  arrangement  shown  in  Fig.  2. 
The  assembly  method  permitted  the  line  of  press  ire-msasuring  holes  to  be  readily 
shifted  axially  along  the  meid>er  in  the  immediate  vicinity  of  the  Junction. 
In  addition  to  these  tap-line  positions,  other  lines  were  drilled  direotly 
into  the  main  foil  casting.  The  placement  of  these  lines  of  pressure  t^w 
as  used  in  the  test  program  is  shown  in  Fig.  3. 

The  large  cast  member  contained  brass  tubing  to  serve  as  pressure 
transmission  lines  for  the  pressure  taps  together  with  other  stiffening  and 
tie  rods.  The  member  was  oast  in  a  carefuUy-sorseded  plaster  mold  using  an 
alloy  which  melted  at  160  F.  Because  of  the  low  thermal  levels  and  inherent 
nonshrink  characteristics  of  the  alloy,  the  casting  was  a  very  close  copy  of 
the  mold. 

The  thin  sectional  elements  were  made  of  brass  using  a  single  band- 
made  master  unit  which  was  used  as  a  testate  for  profile  machining  of  ad¬ 
ditional  units.  The  stacked  units  and  casting  were  than  band-finished  to  a 
smooth  faired  svtrfaoe. 

ncessure  transmission  passages  through  the  stack  were  sealed  with 

”0"  rings. 
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C.  tin  Towing  TUik 

Iho  towing  tank  oonsistadof  a  oonerata  ehannal  of  9-ft  widths  6-ft 
dapth«and  about  210«ft  length.  The  noraal  water  depthin  the  channel  waa  U.5 
ft  and  the  teaperature  of  the  fresh  water  wae  72  degrees  throughout  the  testa. 
The  tank  walls  were  capped  with  rails  to  support  the  towing  carriage. 

D.  The  TOwing  Carriage 

The  towing  carriage  was  propelled  by  trolley-fed  electric  driring 
motors.  The  acceleration  conditions  for  the  carriage  St  the  selected  lit  fpa 
test  speed  provided  112  ft,  or  8  sec,  of  stable  test  run. 

The  hydrofoil  assesibly  was  mounted  below  the  carriage  on  a  special 
sunoort  system  which  permitted  ready  adjustment  of  the  submergenoe,  attack 
angle,  and  yaw  angle. 

The  general  arrangement  of  the  towing  carriage  and  mounted  foil 
assembly  are  shown  in  Fig.  1. 

£.  Pressure-Measuring  Prooedures 

The  pressure-measuring  holes  shown  in  Fig.  2  were  oonnected  to  an 
external  mercury  manonster  bank  by  pressure- transmission  tubes  contained  within 
the  foil  and  strut  asseisblles.  nrellsilnary  tests  indicated  tnat  the  preesure- 
stabilisation  tine  for  the  transmission  system  and  mancawter  baxUc  was  approxi- 
mately  20  see  for  the  test  velocity  of  lit  fps.  Since  the  towing  tank  length 
limited  teet  conditions  to  an  8-see  run,  the  nanometer  system  was  provided 
with  shut-off  valves  which  were  ganged  and  autcaNtically  tripped  to  be  open 
onlydurlng  the  periodwhen  test  velocities  were  in  effect.  Under  theee  condi¬ 
tions,  three  successive  towing  tank  tuns  were  required  for  stabilisation  of 
the  manometers  representing  any  given  test  condition. 

Because  of  the  costidiich  would  be  aesocia  ted  with  a  manometer  system 
involving  the  reading  and  plotting  of  thousands  of  individual  pressure  values, 
a  simplified  matxwneter  system  was  evolved  for  the  readout.  This  oonalated  of 
grouping  the  menometer  tubeein  their  normal  placement  along  a  simulated  chord 
line  in  a  manometer  board  constructed  to  be  transparent.  The  mercury  columns 
representing  pressure  valueeon  this  board  then  appeared  as  a  bar  graph  rela¬ 
tive  to  the  chord  line.  Exposure  of  a  standard  Vsrifax  photocopy  shset  behind 
the  board  directly  provideda  work  sheet  on  which  the  full  pressure  distribu¬ 
tion  curve  could  be  manually  faired-in  across  the  bar  graph.  TtNse  curves  were 
then  used  for  analysis  of  forces. 
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Th«  turbuleno*  and  wr§  aotlon  produoad  In  tha  tank  by  ona  towlnf 
run  provadto  hava  no  affaoton  tba  preaaura  yaluaa  of  rapidly-rapaatad  aubaa- 
quant  runa  axoaptfor  tha  oaxlnua  attack  angle  and  yav  angle  eondltlaoa*  For 
these  caaoBf  a  alight  vata-quletlng  time  vaa  protldad. 

It  nay  be  noted  that  no  cavitation  or  venting  of  the  foil  vaa  obawvad 
for  any  of  the  environmental  conditlona  Impoaed  in  theae  teata.  \%ntllatlon 
did  occur  dovn  the  rear  of  atruta  but  appeared  to  be  United  to  daptha  of  not 
more  than  1/2  chords  and  then  only  when  teata  Involved  both  aaxlnum  yaw  and 
maximum  attack  angle* 

F.  l^aual  TTanaitlon  Obaervatlona 

Aa  pointed  out  In  the  diacuaalon  under  aectlon  II-H,  relative  to 
boundary  layer  tranaition  conditlona.  It  la  dealrableto  eatabliah  tba  poaltion 
of  the  tranaition  for  effective  extrapolation  of  the  model  data  to  the  proto* 
type. 

Haual  obaervatlona  relative  to  the  tranaition  were  made  by  aaereting 
a  dye  material  from  a  forward  preaaura  hole  in  the  foil  and  noting  the  chord 
point  at  which  laminar  breakdown  occurred  in  tba  dye  filament.  Iheae  obaerva¬ 
tlona  were  confined  to  the  line  indicated  aa  D  in  Fig.  3  and  were  run  only 
for  eonditlona  of  200  per  oant  aubmergence,  aero  yaw,  and  tha  amaller  doaign 
anglea  of  attack. 


IV.  TEST  DATA  AND  ANALISIS 

Thevmrioua  teat  conditlona  and  the  teatlng  procadurea  uaed  to  obtain 
the  preaaura  diatribution  curveawere  daaeribed  in  aectlon  III.  Since  the  moat 
meaningful  reaulta  from  theae  curvaa  are  the  valuea  of  the  lift  and  drag  oo- 
efficlenta,  the  data-bandllng  largely  related  to  the  determination  of  theae 
ooefflcienta.  Ihiavaa  acooaqUahed  byarea  planimeterlng  of  the  faired  curvee 
of  the  photo  work  aheeta,  thua  providing  direct  evaluation  of  the  normal  lift 
coefficient,  C^.  A  graphical  rearrangement  of  the  bar  graph  indieationa  on 
the  photo  voric  aheet  mlao  permitted  plotting  of  the  drag  preaaura  diagram 
followed  by  area  planimeterlng  and  almilar  evaluation  of  the  ebordwlae  drag 
coefficient,  C.. 

From  theae  two  meaaurea  of  tha  force  componenta  tba  oonventlonaX 
ooeffloienta  were  coaqmted  thuat 
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S"  C  tin  a  ♦  C.  oos  a 
n  0 

Cj^  ■  eoi  a  -  C©  tin  a 

It  should  be  noted  that  specs  llnLtatlons  restricted  the  nuaber  of 
pressure  taps  that  could  be  placed  near  the  leading  and  trailing  edges  of  the 
test  nenbers.  As  a  result,  there  was  sons  obscurity  as  to  tbs  shape  of  the 
pressure  diagrams  in  these  areas.  This  limltstlondid  not  seriously  affeot  a 
meaningful  determination  of  the  yalue  of  Q©  but  did  make  it  difficult  to 
achieve  high  accuracy  in  evaluating  C©.  As  a  result,  the  values  for  are 
considerably  more  accurate  than  those  for  C^.  This  scarcityof  tape  also  led 
to  peak  negative  pressure  measurements  idilch  were  probably  someidiat  less  than 
the  true  peaks  for  some  tests. 

In  the  original  test  planning  it  vas  arbitrarily  assumsd  that  a 
pressure  profile  taken  at  line  D  in  Fig.  3  (positioned  one  chord  dAmenslon 
from  the  centerline  of  the  Junction)  would  probably  be  beyond  the  rsnge  of 
major  interference  effects  and  might  be  assumed  as  a  reference  profile.  It 
could  not  be  assumed  that  a  two-dlmsnslonal  flow  prevailed  in  this  {dmne  but 
it  seemed  probable  that  Itwas  as  representative  of  near  two-dimensional  condi¬ 
tions  as  oould  be  obtained  froathe  configuration. 

As  a  check  on  the  above  assumptions  of  flow  character  at  line  0, 
limited  pressure  values  were  also  taken  at  lines  L,  M,  and  N.  These  values 
were  combined  with  oon^lete  pressure  measurements  from  lines  A,  B,  snd  D 
to  yield  the  summary  graph  plotted  in  Fig.  h.  Unfortunately,  the  three-di¬ 
mensional  flow  conditions  and  steep  pressure  gradients  in  the  vidnity  of  the 
limited  taps  at  L,  M,  and  N  do  not  completely  validate  line  0  as  a 
reference  section.  A  similar  graph  for  the  conditions  prevailing  near  the 
center  strut  is  plotted  in  Fig.  5. 

The  data  of  Fig.  U  is  the  basis  for  the  following  assumptions  t 

(a)  The  Junction  interferes  or  produces  major  f«roe  influences 
on  the  adjacent  members  for  a  member  length  equivalent  to 
about  2/3  chord  dimension. 

(b)  The  mean  coefficient  of  lift  or  drag  aiqplylngto  the  inter¬ 
fered  surfaces  may  be  estimated  by  assuming  that  the  values 


for  a  gi^n  praasura  lint  ara  applloabla  for  m  araa  up 
totlia  oantar  point  of  tba  apaca  batman  adjaoant  praaaura 
linaa* 

(o)  Tha  datamination  of  Intarfaranca  length  in  acoord  idth 
(a)  above  and  of  naan  force  coaffldantln  accord  with  (b) 
above  la  aaaumad  to  apply  to  center  atrut  interference  aa 
mil  aa  end  atrut  interference. 

Force  coefficient  valuaafrom  tha  foregoing  procedure  for  evaluating 
interference  influanceaon  tha  foil  have  been  graphically  aumnarlzed  in  Flga. 
6  through  9  for  deaign  uae.  Thaaa  figurea  are  arranged  to  pamlt  aelactlon 
of  appropriate  force  ooefficianta  for  tha  range  of  conditiona  and  configura* 
tiona  covered  by  thaaa  taata.  For  reaaona  of  econoiqy,  tba  data  of  Flga.  6 
through  9  ara  conplate  only  for  the  reference  condition  of  yaw  equal  to  aero 
dagraaa  and  subiaarganea  equal  to  200  par  cant.  For  mat  other  oondltlOBB 
only  tha  daalgn  angle  range  from  zero  to  U  dagraea  haa  bean  calculated. 

Although  tha  foregoing  determination  of  force  coefficienta  la  proba> 
bly  tha  moat  uaaful  product  of  the  teat  program,  there  ia  alao  conaldarable 
inf  oraiatlon  to  be  gained  by  an  examination  of  tha  actual  praaaura  diatributlcn 
curvaa.  Oartainof  thla  type  of  data  have  already  bean  graphically  aumnarlzed 
in  Flga.  U  and  5.  Additional  data  of  thla  character  are  ahovn  in  Flga.  10, 
11,  and  12  for  preaaurea  at  the  reference  linea  D,  B,  and  C.  Tba  latter 
two  curvaa  rapreaent  foil  conditiona  for  meaaurementa  madaaa  near  aa  poaalbla 
to  a  filleted  atrut.  A  aurvay  of  tha  data  ahowa  that  for  the  and  atrut  tha 
minimum  praasureia  not  aalow  aa  for  the  center  strut  and  tha  and  atrut  with¬ 
out  fillet  baa  a  slightly  lomr  pressure  than  tha  end  strut  with  fillet. 

The  visual  observations  of  tjie  position  of  boundary  layer  transition 
are  suimiarizedln  the  graphical  offering  of  Fig.  13.  The  indicated  conditiona 
correspond  to  the  pressure  curves  which  were  plotted  in  Fig.  10. 

V.  OOMPARATIHE  VALUES  FOR  THE  TEST  DATA 

As  a  check  on  the  validity  of  the  adopted  method  of  evaluating  the 
interference  effects  and  aa  a  means  of  extending  the  iiltimate  deaign  useful¬ 
ness  of  these  evaluations,  ooaq>arisons  with  other  findings  were  considered 
desirable.  Very  little  comparative  material  was  available  for  these  rather 
uncomaon  NAGA  aectiona,  but  two  approaches  mre  considered  of  possible  value. 
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Om  approaoh  vaa  tba  usa  of  tha  original  work  bjr  Stadt  [3]t  whleli 
includad  wind  tunnol  avaluatlon  of  tha  lift  and  drag  ooaffieianta  for  total 
lift  of  tba  16>509  foil  in  tha  infinita  flow  field,  lhaae  data  are  ahom  In 
Fig.  Ill  in  comparlaonwith  the  valuea  taken  f^<»  the  teat  data  for  piosoBMter 
lina  D  aa  ahown  in  Fig.  3*  Alao  Included  ia  a  ourwa  for  wind  tunnel  data 
corrected  to  an  arbitrary  aapeot  ratio  of  3*  It  la  to  be  noted  that  tha  hydro* 
foil  teat  data  do  not  include  the  viacoua  ahear  forcaa  which  are  inherent  to 
the  total  foroe  Maeurenenta  of  Stack. 

Aaeeand  uaeful  comparlaon  can  be  nade  between  tha  preaaure  dlatribu* 
tiona  aaaaured  in  the  teat  program  and  the  theoretical  apprcodmation  to  thia 
diatribution.  The  theoretical  dlatrlbutiona  in  thia  caae  were  coaputed  in 
accord  with  the  procedure  described  in  Ref.  [li]«  pp«  7$~79»  For  purpoaea  of 
the  calculatlona,  an  aapect  ratio  of  3  waa  arbitrarily  selected.  Oo^)aratlwi 
plottings  of  these  pressure  distributions  are  shownln  Fig.  15«  Theae  plottings 
again  include  only  the  testdata  from  pressure  tap  line  D  aa  shown  in  Fig.  3* 

'  71.  DISCUSSION 

A  comparative  studyof  the  pressure  profiles  of  Figs.  10  and  15  dis¬ 
closes  the  following  interesting  points  with  regard  to  the  application  of  the 
laminar-flow  type  of  foil  section  to  a  hydrofoil  asses^lyt 

(1)  Despite  the  fact  that  a  truly  two-dimensional  flow  does 
not  exist  for  tha  measurements  made  at  tap  lina  D  in 
Fig.  15»  the  general  shape  of  the  pressure  profile  is  in 
fairly  good  agroMont  with  the  theoretical  distribution 
for  the  design  angle  of  sero  degrees. 

(2)  For  an  attack  angle  greater  than  2  degrees.  Fig.  10  shows 
the  point  of  minimum  pressure  shifting  from  the  60  per 
oent  chord  position  consistent  with  the  designed  laminar- 
flow  section  to  a  point  near  the  leading  edge.  The  latter 
is  more  in  accord  with  the  position  on  a  oonventional 
section.  Fig.  13  indicates  that  smm  transition  insta¬ 
bility  may  exist  for  the  test  data  of  Fig.  10  for  attack 
angles  between  2  and  6  degrees. 
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(3)  The  shift  In  the  position  of  the  MlnlJium  pressure  point 
as  discussed  in  item  (2)  sboTs  is  seooqaanied  by  s  sub¬ 
stantial  reduction  in  niniiminpresanre  'values.  The  lowest 
of  these  values  may  serve  as  a  rough  neasure  of  the  criti¬ 
cal  cavitation  Units  for  operation  of  the  foil  since  the 
magnitude  of  the  critical  cavitation  sigma  is  the  sMse  as 
the  mLninum  pressure  coefficient.  It  shouldbe  noted  that 
because  of  the  limited  pressure  taps  and  steep  pressure 
gradients  existing  near  the  leading  edge,  the  observed 
minimum  pressures  are  not  neoessaxdly  the  least  that  exist. 

(U)  Fig.  10  indicates  that  stall  or  major  separation  of  flow 
apparently  does  not  occur  below  the  15-degree  maximum 
attack  angle  tested,  although  the  rise  in  minimum  pressure 
between  the  10-  and  l5-degree  attack  angles  suggests  that 
a  local  flow  separation  and  subsequent  reattachment  may 
have  taken  place  near  the  leading  edge.  ' 

The  polar  plot  of  Fig.  lU  indicates  that  the  laminar  flow  foil  in 
the  three-dimensional  configuration  achieves  a  high  lift-drag  ratio  over  a 
more  limited  attack  angle  range  than  is  the  case  in  two  dimensions.  It  should 
be  noted,  however,  that  the  three-dimensional  data  do  not  Include  the  shear 
force  effects  which  are  included  in  the  total  drag  of  the  two-dimensional  data. 

A  study  of  the  pressure  profiles  of  Figs.  U,  5,  10,  11,  and  12  for 
design  angles  of  attack  Indicates  that  the  point  of  minimum  pressure  on  the 
foil  surface  tends  to  move  forward  and  to  diminish  in  value  as  the  Junction 
is  approached.  This  is  true  for  both  the  Junctions  without  fillet,  as  shown 
in  Figs.  It  and  5,  and  Junctions  with  fillet,  as  shown  in  Figs.  11  and  12. 

It  should  be  emphasised  that  the  data  relating  to  minimum  pressure 
values  should  be  used  with  caution.  These  data  were  obtained  from  a  limited 
set  of  pressure  taps  which  in  all  probability  did  not  Include  the  point  of 
lowest  pressure  on  the  Junctions.  Horeover,  the  minimum  value  will  vary  oon- 
slderably  with  the  geomstryof  the  particular  Junction.  In  view  of  this,  the 
values  are  offered  as  a  rough  guide  to  the  magnitude  of  the  sigma  value  for 
the  inception  of  cavitation  but  are  not  oonsidered  suitable  for  final  design 
purposes. 
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TbtMtn  foret  oo«ffiei«nt  valattfair  tlM  lnt«rf«rtd  rarfaflM  of  th) 
foil  arc  atuMarltai  la  Figa«  6  ttarough  9  toahev  tha  oo^Mratiaa  inflnanoa  of 
yaw  anfla»  attbaarganoa,  and  fUletlng.  A  atodyof  thia  data  eatabllahaa  tha!t 
thoaa  thro#  gaoaatrie  faotora  do  hava  a  aubatantial  Infloaaoa  oa  ^  foroa 
aaluaa  but  tha  poaplaarityof  tha  raaulting  floaa  faila  to  produoa  ragular  and 
ayataaatie  foroa  ohangaa  vhaa  aora  thaa  oaa  factor  la  awlad.  Howararf  for 
tha  lov  Taluaa  of  attaok  angla  uaod  la  aomal  daalpi  praotioa  and  for  prooti- 
oallj  all  ooadltioaa  taatodi  tha  ooraaado  ahov  adaflaita  and  aubatantihL  la- 
eraaaa  in  lift  and  drag  for  tha  intorforad  aurfaoaa.  lha  aa^todo  of  thla 
ineraaao  aagr  ba.approzlaatadfor  tha  opaeiflo  ooadltioaa  bj  iatorpratatlon  of 
tha  euraaa.  Slnoa  tha  ooraM  oonalat  of  praaaura  foroa  data  without  ahoar 
foroa*  two  rofaranoo  oorata  haaa  boon  addad  to  aaoh)  grtpb,  lhaao  giaa  tha 
oo^paratiai  aaluaa  for  praaaura  foroaa  on  aeaaurlng  line  D  and  tha  oonporablo 
aaluaa  for  total  foroaa  for  tha  infinite  apan  and  infinite  flow  field  aa  taken 
fron  Raf.  [3]. 

It  ahould  again  be  noted  that  tha  force  aaluaa  relating  to  yav  oondl- 
tlonaappl^  to  onlyona  direction  of  yaw  angle.  Significantly*  diffarant  aaluaa 
night  occur  for  tha  opposite  diction  of  yaw. 

m.  ooMCLusion 

An  arbitrary  aalaotlon  of  hydrofoil  ayatanahaa  boon  aubjaotad  to  a 
United  range  of  nonoaaitating*  nonaantilating  taata  and  analyaia  with  the 
objactiae  of  obtaining  foroa  data  for  design  uaa.  fha  resulting  foroa  data 
findings  haaa  been  suMarlaad  In  llgs.  6  chrougb  9.  Nhila  these  data  are  by 
no  Mans  oonprahanaiae*  they  do  supply  Infornatlon  on  a  aubatantial  range  of 
conditions  pertinent  to  design  practice. 

Tha  following  conclusions  relate  to  these  foroa  findings  i 

(1)  Due  to  linitatlons  of  the  pra88ure-foroa*Masuring  pro* 
osduraa  enployedln  tha  teats*  tha  figures  do  not  dlrsotly 
yield  a  handbodttypa  of  design  data.  Howaaer*  um  of  tha 
data  In  ooabinatlon  with  related  wind  tunnal  total  iforoa 
Maauraaianta*  which  are  IndLuded*  does  parelt  a  railonal 
tie  with  other  design  prooaduras. 

(2)  The  laninar-flow  ^rpe  of  aeotlcn  alaotad  for  thsM  testa 
was  Obsaraed  (lig.  13)  to  proalde  laalnar  flow  oaar  tha 


fonnrd  arM  for  only  a  ralativaly  anall  attaak  an^a 
ranfo*  Ineraaalng  nluaa  of  Iha  chord  Bajnolda  nuiibar 
dlninlahad  thia  attack  angle  range.  For  prototypo  doaign 
porpoaoa  Iniroltlng  hii^  BaTBolda  nunbara,  thoaa  data  are 
than  moat  uaaful  for  attadc  ngloa  naar  laro  dagraaa  or 
in  axoaaa  of  6  dagraaa.  Slnoa  tranaltlon  varlablaa  nay 
occur  for  anglea  batwaan  aaro  «id6  dagraaa^  data  in  thin 
region  ahould  be  uaad  conaerTatiaaly. 

(3)  Stall  or  gajor  aaparationof  flov  failed  to  occur  oa  thaaa 
configuratlonafor  the  attack  anglea  of  l$degaaa  and  laaa 
which  were  teated. 

(U)  For  daalgn  anglea  of  attack,  the  intarfarance  of  a  atrut 
on  a  foil  la  auch  that  a  definite  and  aubatantial  Inoreaaa 
in  lift  and  drag  oceuraoaar  tha  Intarferad  portion  of  tho 
foil.  Thia  Inoroaaa  najr  dlnlnlahwlth  Ineraaalng  angle  of 
attack  or  yaw. 

(5)  The  atrut  Interferaa  or  produoaa  najor  force  Influonoaa 
on  the  foil  for  a  foil  length  axtandlng  outward  from  tha 
Junction  for  a  dinenaion  aqulwalant  to  about  2/3  chord 
langtha. 

(6)  Tha  uaa  of  fllleta  in  the  Junctiona  produced  only  rala- 
tl'ralyamall  intarferanoa  foroa  ohangaa.  Tha  changaa  ware 
bothpoaltiwB  and  negative  in  value  depending  on  the  attack 
angle  and  aubmerganoe  oonditiona. 

(7)  Fordaaign  anglea  of  attack,  tho  Interfaranoa  lif  t  and  drag 
foroea  tended  to  dlniniah  with  daoraaaing  anbaarganoa. 

The  point  of  minlaun  praaaura  on  tha  foil  tended  to  nova  forward 
and  to  dlniniah  in  value  aa  tha  Junctlcm  waa  approadiad.  Thia  waa  true  for 
bothand  and  center  atruta  and  with  and  without  fillota  (Flga.  U«  S$  U,  12). 
Tha  inception  of  cavitation  on  thoaa  f  oil  aaaadbllae  may,  tharaf  ora,  be  axpaetad 
in  tha  forward  part  of  tha  atrut-foil  Junction  and  tho  related  cavltatiaa 
aigma  value  nay  be  approodnatadby  tha  mini  nun  praaaura  ooaffioienta  (Flga. 

5,  11,  12).  The  abaanoo  or  praaanoa  of  filiating  produced  relatively  little 
change  in  tho  ninlnun  praaaura  value. 
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F  I  0  U  E  I  S 
(1  through  15) 


M  THE  TCWMS  RkCUTY 


(b)  THE  HYDROFOIL  ASSEMBLY 

Fig*  1  >  Th*  Hydrofoil  Totfing  Awonibly 
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STRUT  SECTION-NACA  16*012 

NOTE:  NUMERICAL  VALUES  FOR  THE  SURFACE  COORDINATES 
AND  TAP  LOCATIONS  ARE  GIVEN  IN  TABLE  I. 


Rg.  2  >  Rwikji*  Tap  Loea^lom  far  Hw  To#  Soetlom 


Rg.  3  RaeamoM  af.riia  Rwiw  Top  Llnu  In  tha  Hydiefoll  AMwnbiy 
(Awiinbly  Vl««^  from  Loorflng  Edg^ 


7  X  10* 

YAW  ANGLE >0* 

SUBMERGENCE >2C 

LETTERS* PRESSURE  LINE  PER  FIG.3 


UPPER  SURFACE 
LOWER  SURFACE 

extrapolation 


FI9.  4  -  Pnnura  Profllw  0*  Scctloni  Along  tho  Foil  Adjoeor*  to  on  End  Stmt  Without  Flllot 


Flg«  5  -  PMHur*  PrafllM  at  Soetloni  Along  tha  Foil  Ad|ae«il  to  a  Cantor  Strut  Without  Rllatt 


MEAN  LIFT  COEFFICIENT,  C 


CHORD  *6  INCHES 
4 

r  1 

if  •  YAW  ANGLE  I  I 
H  «  SUBMERGENCE  {%C) 


mm 


>yj 


AREA  MEAN  VALUE  WITHOUT  FILLETS 
-0—0-  W  -O* ;  H-lOO 
-0—0-  V  4*  ;  H-lOO 
-A— ^  V  0*  ;  H«200 
-CD— □-  V  •  4*  ;  H«200 
AREA  MEAN  VALUE  WITH  FILLETS  — 
■0—0-  if  -0*  1  H'lOO 


SECTION  VALUE  FROM  TESTS  AT  UNE  D 
^  *0*^  H*200 

SECTION  VALUE  AT  INFINITE  SPANIREFOI) 
- ifO*;  H*00 


9.  .r  -y  -2*  -I*  0*  r  2*  y  4*  5-  6-  7«  8*  9»  io«  ii* 

ATTACK  ANGLE 
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-5*  -y  -2*  -I*  OP  I*  2*  y  4*  y  6-  7*  y  y  \<y  ir 

ATTACK  ANGLE 


Fla*  7  -  Mtan  Pfum  Drag  CotfneI«n^t  of  Foil  16-*509  for  tho  Aim  (Span  ■  2/3  Chord) 
Aaloconr  to  on  End  Strut  16*012 


MEAN  LIFT  COEFFICIENT,  Cl 
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MEAN  DRAG  COEFFICIENT,  C, 


f 
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ATTACK  ANGLE 


Ffg*  9  •  AA»qn  Prttiurt  Drag  Co^fflelerts  of  Foil  16*^509  for  tho  Arao  (Span  »  7/Z  Chord) 
Aa|ocort  to  o  Confar  Shruf  16-012 


AP/ 


FI9.  10  -  PMiiurt  PleftlM  for  Foil  a»  Top  LIm  D 


Rm  »  7  X  10" 

SUBMERGENCE  «  2C 
YAW  ANGLE  »  0* 

NUMERALS- ATTACK  ANGLE 
PRESSURE  LINE  >  B  PER  FIG.  3 

-  UPPER  SURFACE 

- LOWER  SURFACE 

. EXTRAPOLATION 


1  I  I  PERCENT  OF  CHORD  I  I  1 

10  20  30  40  50  60  70  80  90 


Fig.  II  -  PiMwn  FVonUi  for  Foil  16*509  AdjcRonf  to  on  End  Stnit  16*012  With  Rllot 


AP/q 


Fig.  12  -  nwMira  Profllti  for  Foil  16»509  Adloeonf  to  o  Contor  Stnit  16^12  With  Rlloti 
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Flg«  13  -  Obitrvttd  PotiHon  of  Boundary  Loyor  Trmltion  for  Foil  16^509 


fiOti 


- TWO  DIMENSIONAL  WIND  TUNNEL 

TESTS  t3] 

—  TUNNEL  DATA  CORRECTED  TO  4^-3 
O  SAF  HYDROFOIL  TESTS  {0*  YAW, 
200%  SUBMERGENCE,  TAP  UNE  D) 


ATTACK  ANGLE 

LIFT  PLOT 


—  TWO  DIMENSIONAL  WIND  TUNNEL  TESTS  C3](T0TAL  DRAG) 
O  SAF  HYDROFOIL  TESTS  ( 0*  YAW, 200%  SUBMERGENCE, 
TAP  UNE  D,  PRESSURE  DRAG) 


bu  0.04 


-02  -0.1  0  Ql 


02  0.3  04  05  06  0.7  0.8  03 

LIFT  COEFFICIENT,  Cl 

POLAR  PLOT 


Fig.  14  -  Comporatlv*  LIB  and  Drag  Data  for  Foil  16*^509  at  Tap  LIrw  D 


APPENDIX 


TABLE  I 

Coordinat*  Data  for  the  Taat  Manbara 


35 


FOIL,  MAOA  16-509  STRUT 


I/C 

Upper 

Lover 

NACA  16-012 

X 

I 

I 

-I 

I 

T 

p>er  oent  C 

in. 

in. 

In. 

in. 

in. 

in. 

0 

0 

0 

0 

0 

0 

0 

1.25 

0,065 

0.073 

0.085 

0.01*1 

0.075 

0.078 

2.50 

0,138 

0.018 

0.162 

0.052 

0.150 

0.108 

5.00 

0.287 

0.160 

0.313 

0.065 

0.300 

0.151 

7.50 

0.136 

0.199 

0.1*63 

0.072 

0.1*50 

0.182 

10 

0.586 

0.232 

0.613 

0.077 

0.600 

0.207 

15 

0,887 

0.286 

0.913 

0.085 

■  0,900 

0.21*8 

20 

1.188 

0.329 

1.209 

0.090 

1.200 

0.280 

30 

1.792 

0.389 

1.808 

0.098 

1.800 

0.325 

35 

2.106 

0.100 

2.100 

0.338 

ko 

2,396 

O.U2l( 

2.1*01* 

0.103 

2.1*00 

0.351 

hS 

2.702 

0.103 

2.700 

0.355 

50 

3.000 

0.1*36 

3.000 

O.lOl* 

3.000 

0.360 

55 

3.302 

0.1*29 

3.300 

0.355 

60 

3.60it 

0.1*23 

3.596 

0.102 

3.600 

0.350 

65 

3.906 

0.1*03 

3.900 

0.333 

70 

li.208 

0.383 

1*.192 

0.091 

1*.200 

0.316 

80 

U.810 

0.308 

U.789 

0.069 

i*.800 

0.252 

85 

5.095 

0.052 

5.100 

0.202 

90 

5.I4IO 

0.190 

5.390 

0.035 

5.1*00 

O.lSl 

95 

5.707 

0.111 

5.692 

0.016 

5.700 

0.085 

100 

6.001 

0.005 

5.998 

0.005 

6.000 

0.007 

Leading  Edge  Radius  ■  0.02U  in.  Leading  Edge 

Radlua  ■  0,01|2  taw 


Note : 


The  chord  dimension,  C,  la  6  Inehea.  The  position  of  prassura  taps 
In  the  upper  and  lover  surfaoes  of  the  foil  Is  undarllnad.  A  graphie 
treatment  of  this  data  is  given  In  Fig.  2. 
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1  -  Dr.  H.  Rouse 
1  -  Dr.  L.  Landweber 

Harvard  University,  Cambridge  38*  Massachusetts,  Attn: 

1  -  I^ofessor  G.  Birkhoff  (Dept,  of  Mathematics) 

1  -  Professor  G.  F.  Carrier  (Dept,  of  Mathematics) 

Massachusetts  Institute  of  Technology,  Cambridge  39,  Massachusetts, 
Attn: 

1  -  Department  of  Naval  Architecture  and  Marine  Engineering 
1  -  Professor  A.  T.  Ippen 

University  of  Michigan,  Ann  Arbor,  Michigan,  Attn: 

1  -  Professor  R.  B.  Couch  (Dept,  of  Naval  Architecture) 

1  -  Professor  W.  W.  VUllmarth  (Aero,  fingrg.  Departamnt) 

1  -  Professor  M.  S.  Uberol  (Aero.  Engrg.  Department) 
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3  Dr.  L.  0,  Straub,  Director,  St.  Anthony  Falls  Hydraulic  Lab,  Uni* 

eerelty  of  Minnesota,  Minneapolis  lij,  Minnesota,  Attnt 
1  -  Dr.  Straub 
1  -  Mr.  J.  M.  Metsel 
1  -  Professor  £.  Silberman 

1  Professor  J.  J.  Foody,  Engineering  Department,  New  York  State  Uni¬ 

versity  Maritime  College,  Fort  Schulyer,  New  York* 

3  New  York  Ikiiverslty,  Institute  of  Mathematical  Sciences,  25  Waverly 

Place,  New  York  3>  New  York,  Attn: 

1  -  Professor  J.  Keller 
1  -  Professor  J.  J.  Stoker 
1  -  Professor  R.  Kraichnan 

3  The  Johns  Hopkins  University,  Department  of  Mechanical  Qiglneerlng, 

Baltimore  Ifl,  Maryland,  Attn: 

1  -  Professor  S.  Corrsin 

2  -  ftrofessor  0,  M.  Phillips 

1  Massachusetts  Institute  of  Technology,  Department  of  Naval  Architec¬ 
ture  and  Marine  Engineering,  Cambridge  39,  Massachusetts,  Attn: 
Prof.  M.  A.  Abkowltz,  Head. 

2  Dr.  G.  F.  Wisllcenus,  Ordnance  Research  Laboratory,  Pennsylvania 
State  University,  (hiiversity  Park,  Pennsylvania,  Attn: 

1  -  Dr.  Wisllcenus 
1  -  Dr.  H.  Sevlk 

1  Professor  R.  C.  DlPrlma,  Department  of  Mathematics,  Rensselaer  Poly¬ 

technic  Institute,  Troy,  New  York. 

5  Stevens  Institute  of  Technology,  Davidson  Laboratory,  Castle  Point 

Station,  Hoboken,  Mew  Jersey,  Attn: 

1  -  Professor  E.  V.  Lewis 
1  -  ¥x.  D.  Savitsky 
1  -  Mr.  J.  P.  Breslin 
1  -  Mr.  C.  J.  Henry 
1  -  Mr.  S.  Tsakonas 

1  Webb  Institute  of  Naval  Architecture,  Crescent  Beach  Road,  Glen 

Cove,  New  York,  Attn:  Technical  Library. 

1  Director,  Woods  Hole  .Oceanographic  Institute,  Woods  Hole,  Massachu¬ 

setts. 

1  Executive  Officer,  Air  Research  and  Develo]anent  Oonanand,  Air  Force 

Office  of  Scientific  Research,  Washington  25,  D.  C.,  Attni  Mechanics 
Branch. 

1  Commander,  Wkight  Air  Development  Division,  Aircraft  Laboratcry, 

Wtlght-Patterson  Air  Force  Base,  Ohio,  Attn:  Mr.  tf.  N(ykytow,  1^- 
namics  Branch. 
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2  Cornall  Aeronautical  Laboratory,  Oenesee  Street,  Buffalo,  Nev 
York,  Attn  I 

1  -  Mr.  W,  Targoff 
1  -  Hr.  R.  White 

3  MasBachuaetts  Inetltuteof  Technology,  Fluid  pynamlce  Reeearch  Lab¬ 
oratory,  Caabrldge  39,  Maaeachueette,  Attni 

1  -  ProfeeBor  U.  ABhley 
1  -  I^ofaaBor  M.  Landahl 
1  >  ProfeBBor  J.  Dugundjl 

2  RamburglBcheSchlffbau-VBrBuchaanBtalt,  Branfelder  StraBBel6ii,  Han- 
burg  33,  Qeraanic,  Attni 

1  -  Dr.  0.  Grim 
1  -  Dr.  H.  W.  Lerba 

1  Inatltut  fur  Schlffbau  der  Unlveraltat  Hanberg,  Berliner  Tor  21, 

Hamburg  1,  Germany,  Attn:  Profeaaor  G.  P.  Welnblu9,  Director. 

1  Max-Planek  Inatltut  fur  Stromungaforachung,  Bottlngeratraaae  6/8, 

Gottingen,  Germany,  Attn:  Dr.  H.  Relchax^t. 

1  Rydro-og  Aerodynamiak  Laboratorlum,  Lyngby,  Denmark,  Attn  t  Profea- 

3or  Carl  Prohaaka. 

1  Sklpamodelltanken,  Trondheim,  Norway,  Attn:  Profeaaor  J.  K.  Lunde. 

1  mbrauchaanataltfur  Waaeerbau  und  Schlffbau,  Sohleuaenlnael  la  Xler- 

garten,  Berlin,  Germany,  Attn:  Dr.  S.  Schuater,  Director. 

1  Teohniache  Hogeachool,  Inatltut  woor  Toegepaate  Wlekunde,  Jullana- 

laan  132,  Delft,  Netherlanda,  Attn:  Profeaaor  R.  Tlmnan. 

1  Netherlanda  Ship  Model  Baain,  Wagenlngen,  Netherlanda,  Attn:  Dr. 

Ir.  J.  D.  van  Hanen. 

1  Allied  Research  Associates,  lnc.,U3  Leon  Street,  Boston  1$,  Nasea- 
chueetts,  Attn:  Dr.  T.  R.  Goodman. 

3  National  Physical  Laboratory,  Haddington,  Middlesex,  England,  Attn: 

1  -  Dr.  F.  H.  Todd,  Superintendent  Ship  Division 
1  -  Bead  Aer^ynamles  Division 
1  -  Mr.  A.  Sllvarleaf 

2  Head,  Aerodynamics  Department,  Royal  Aircraft  Establishment,  Fam- 
borough,  Hants,  Aigland,  Attn:  Mr.  M.  0.  W.  Wolfe. 

1  Boeing  Airplane  Co.,  Seattle  Division,  Seattle,  Washington,  Attn: 

Hr.  M.  J.  Turner. 

1  Electric  Boat  Division,  General  Dynamics  Corporation,  Groton,  Conn¬ 

ecticut,  Attn:  Mr.  Robert  McCandllss. 
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1  Q«n«ral  Applied  Scienoes  Labe,  Inc.,  Merrlok  and  Stavart  Avanuaa, 

Waatbxuy,  Long  laland.  New  Xork. 

1  Cd-bba  and  Cox,  Ino. ,  21  Meat  Street,  New  Xork,  Nev  Xork* 

2  Qrumman Aircraft  Engineering  Corp.,  Bethpage,  Lopg  laland,  Nev  Xork, 
Attnt 

1  -  Nr.  £.  Baird 
1  -  Mr.  E.  Bover 

1  Qruiaun  Aircraft  Engineering  Corp.,  Dynamic  Developnenta  DirLalon, 

Babylon,  New  Xork. 

1  Lodcheed  Aircraft  Corporation,  Miasilea  and  Space  fiivlalon,  Palo 

Alto,  California,  Attn:  R.  W.  Kemeen. 

1  Midveat  Reaearch  Inatitute,  U25  Vblker  Blvd.,  Kanaaa  City  10,  Mla- 

aouri,  Attn:  Mr.  Zeydel. 

3  Director,  Department  of  Mechanical  Sciencea,  Soutfaweat  Reaearch  In¬ 
atitute,  8500  Culebra  Road,  San  Antonio  6,  Texaa,  Attn: 

1  «  Dr.  H.  N«  Abranaon 

1  »  Mr.  0.  Ranaleben 

1  -  Editor,  Applied  Mechanica  Review 

3  Convair,  A  Divlaionof  General  Dynamica,  San  Diego,  California,  Atttos 

1  -  Mr.  R.  H.  Overamith 
1  -  Mr.  A.  D.  MacLellan 
1  -  Mr.  H.  E.  Brooke 

1  Dynamic  Developnenta,  Inc.,  15  Berry  Hill  Road,  Oyater  Bay,  Long 

laland.  New  Xork. 

1  Dr*  S.  F*  Hoerner,  1L6  Boateed  Drive,  MldlaiKi  Park,  New  Jeraey. 

1  i^ydronautiea.  Incorporated,  200  Monroe  Street,  Rockville,  Maryland, 

AtIMt  Mr.  IMUlp  Eiaenbarg. 

1  RandOavelopamnb  Corporation,  13600 Deiae  Avenue,  QevelandlO,  Ohio, 

Attn:  Dr.  A.  S.  Iberall. 

1  U.  S.  Rubber  Ooapany,  Baaearob  and  Development  Department,  Uayno, 

New  Jeraey,  Attn:  Hr.  L*  N.  Nhite. 

1  Ibchnlcal  Reaearch  (hroup,  Inc.,  2  Aerial  Way,  Syoaaet,  Long  laland. 

Mew  Xork,  Attn:  Nr.  Jaok  Kotik. 

1  Mr*  C.  Wigley,  Flat  102,  6-9  Charterhouae  Square,  London,  E.  C.  1, 

England. 

1  AVOO  Corporation,  Lycoming  Dlviaion,  1701  K  Street,  M.  W.,  Apt.  90lt, 

Waahington,  D.  C«,  Attn:  Mr.  T.  A.  Duncan. 
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1  Mr.  J.  0.  Baker,  Baker  Manufacturing  Coiqpany,  Evansville,  Wisconsin. 

1  Curtlss-Wright  Corporation  fiesearch  Division,  Turbomachinery  Divi¬ 

sion,  Quehanna,  Pennsylvania,  Attn:  Mr.  George  H.  Pedersen. 

1  Hughes  Tool  Coiig>any,  Aircraft  Division,  Culver  City,  California, 

Attn:  Mr.  M.  S.  Harned. 

1  Lockheed  Aircraft  Corporation,  California  Division,  ^jrdrodynamlos 

Research,  Burbank,  California,  Attn:  Mr.  Bill  East. 

1  Rational  Research  Council,  Montreal  Road,  Ottawa  2,  Canada,  Attn: 

Mr.  E.  S.  Turner. 

1  Ihe  Rand  Corporation,  1700  Main  Street,  Santa  Monica,  California, 
Attn:  Dr.  ^aine  Parkin. 

2  Stanford  University,  Department  of  Civil  Engineering,  Stanford,  Cal¬ 
ifornia,  Attn: 

1  -  Dr.  Byrne  Perry 
1  -  Dr.  E.  I.  Hsu 

1  Waste  King  Corporation,  5550  Harbor  Street,  Los  Angeles  22,  Califor¬ 

nia,  Attn:  Dr.  A. Schneider. 

1  Commanding  Officer,  Office  of  Naval  Research  Branch  Office,  The  John 

Crerar  Library  Bldg.,  86  E.  Randolph  Street,  Chicago  1,  Illinois. 

1  Commanding  Officer  and  Director,  U.  S.  Naval  Engineering  Experiment 

Station,  Annapolis,  Maryland. 

1  Commanding  Officer,  U.  S.  Naval  Undex*water  Ordnance  Station,  New¬ 

port,  Rhode  Island,  Attn:  Research  Division. 

1  National  Academy  of  Sciences,  National  Research  Council,  2101  Con¬ 

stitution  Avenue,  N*  W.,  Washington  25,  D.  C. 

1  Conmiandlng  Officer,  U.  S.  Amy  Research  Office,  Box  CM,  Duke  Sta¬ 
tion,  Durham,  North  Carolina. 

2  University  of  California,  Berkeley  Calif ozvila,  Attn: 

1  -  Department  of  Engineering 
1  -  Prof.  H.  A.  Schada 

1  Society  of  Naval  Ar  chi  tecta  and  Marine  Engineers,  7l(  Trinity  Place, 

Mew  York  6,  New  York. 

1  Engineering  Societies  Library,  29  W.  39th  Street,  New  York  18,  New 

York. 

1  EDO  Corporation,  College  Point,  L.  I.,  New  York. 
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1  Director  of  Reeearch,  National  Aeronautics  and  Space  Adainlstration, 

lavls  Research  Center,  21000  Brookpark  Road,  Clevslahd  35,  Ohio. 

1  Commanding  Officer  and  Director,  U,  S,  Naval  Civil  Engineering  Lab¬ 

oratory,  Port  Hueneme,  California,  Attnt  Code  L51(. 

1  Dr.  Hirsh  Cohen,  IBM  Research  Center,  PO  Box  218,  Xorktown  Heights, 

New  York, 

1  Mr,  David  Wellinger,  Hydrofoil  Projects,  Radio  Corporation  of  Amer¬ 

ica,  Burlington,  Massachusetts. 

1  Prof,  Ir,  J.  Gerritsma,  Technische  Hogeschool,  Onderafdellng  der 

Ccheepsbouwkunde,  Prof.  Kekelweg  2,  Delft,  The  Netherlands. 

1  Or.  H.  Schvanecke,  ^reuchsanstalt  fur  Vtasserbau  und  Schlffbau, 

Schleuseninsel  in  TLergarten,  Berlin,  Germany. 

1  Bureau  D ' Analyse  et  de  Recherche  Appliquees,  1*7  avenue  Victor  Cres- 

son  -  Issy  des  Moulineaux  (Seine),  Paris,  Prance,  Attn:  Prof,  L, 
Malavard. 


